INTRODUCTION
============

The role of microRNAs in human malignancy has been intensively investigated ([@gks324-B1]). It becomes evident now that microRNAs can function as tumor suppressors or oncogenes and they are often dysregulated in tumors. In this regard, oncogenic microRNAs are frequently upregulated, whereas tumor suppressive microRNAs are downregulated in tumors. For instance, let-7 has been reported to be underexpressed in lung cancer and to target the oncogenic Ras ([@gks324-B2]); similarly, miR-15/miR-16 has been shown to be downregulated in chronic lymphocytic leukemia ([@gks324-B3]) and is able to target Bcl-2. In contrast, oncogenic microRNAs such as miR-21 are upregulated in variety of tumors ([@gks324-B4; @gks324-B5; @gks324-B6; @gks324-B7]). miR-145 is a tumor suppressive microRNA that is underexpressed in several types of tumors ([@gks324-B8; @gks324-B9; @gks324-B10]) and it suppresses cell growth and invasion by targeting a number of important genes such as c-Myc ([@gks324-B11]), IRS-1 ([@gks324-B12]) and mucin 1 ([@gks324-B13]) and others ([@gks324-B14],[@gks324-B15]). Furthermore, miR-145 is able to target the pluripotency factors OCT4, SOX2 and KLF4 and functions as a key regulator of human embryonic stem cells ([@gks324-B16]) or promotes differentiation and repressing proliferation of smooth muscle cells ([@gks324-B17]), highlighting the significance of miR-145 as a key regulator of these biological events.

We have previously shown that miR-145 is a direct target for p53 that binds to the miR-145 promoter and transcriptionally induces its expression. Although several transcriptional factors such as Foxo ([@gks324-B18]) and RREB1 ([@gks324-B19]), in addition to p53, have been implicated in the regulation of miR-145, it is still unclear as to why miR-145 is frequently downregulated in many types of tumors, including those carrying a mutant p53. CCAAT/enhancer-binding protein-beta (C/EBP-β) is a transcription factor and plays a critical role in cell growth and differentiation. The importance of C/EBP-β also stems from the findings that it serves a mediator of cell survival and tumorigenesis. Three isoforms of C/EBP-β can be expressed in cells through alternative translation of the C/EBP-β mRNA ([@gks324-B20]). Evidence suggests that they can either activate transcription or represses transcription ([@gks324-B21]). However, their role in regulation of miR-145 expression has not been described yet.

In this study, we show that C/EBP-β functions as a negative regulator of miR-145. More importantly, C/EBP-β is not only able to counter the ability of p53 to induce miR-145 in the wild-type p53 background, but also suppress miR-145 expression in cancer cells carrying mutant p53 possibly through the Akt pathway.

MATERIALS AND METHODS
=====================

Cell culture
------------

All cell lines were purchased from American Tissue Culture Collection (ATCC). Breast cancer cell lines BT-549, MDA-MB-231 and MCF-7 cells were grown in RPMI 1640 (Lonza, Walkersville, MD, USA) supplemented with 10% FBS (Sigma-Aldrich). Non-tumorigenic breast cell MCF-10A was grown in serum-free MEGM medium (Lonza). HEK-293T cells were cultured in DMEM (Lonza) supplemented with 10% FBS. All serum containing media were supplemented with 100 U of penicillin/ml and 100 µg of streptomycin/ml. Cells were incubated at 37°C and supplemented with 5% CO~2~ in the humidified chamber.

Reagents
--------

Primary antibodies were purchased from the following vendors: C/EBP-β, p53 (C-terminal from Epitomics), Akt, p-Akt, p-C/EBP-β for western (Cell Signaling), p-C/EBP-β for immunocytochemistry (ICC) from Epitomics (Burlingame, CA, USA); Myc-tag from Applied Biological Materials (Vancouver, BC, Canada). Secondary antibodies conjugated with IRDye 800CW or IRDye 680 were purchased from LI-COR Biosciences (Lincoln, NE, USA). PCR primers were purchased from IDT (Coralville, IA, USA). C/EBP-β siRNAs and p53 siRNAs were from ThermoFisher Scientific and Cell Signaling, respectively. Resveratrol (RSV) was purchased from Sigma (St Louis, MO, USA). Biotin-labeled anti-miR-145-LNA probe was from Exiqon (Denmark).

Transfection
------------

DNAfectin (Applied Biological Materials) was used for the transfection of plasmid DNA. Transfection with siRNAs was performed using RNAfectin reagent (Applied Biological Materials) following the manufacturer's protocol.

Expression vectors
------------------

Sequences of all primers for cloning were listed in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks324/DC1). For ectopic expression, we cloned C/EBP-β, c-Jun and c-Fos, respectively, into a modified pCDH-CMV-copGFP (System Biosciences) which carried an N-terminal Myc tag using the Cold Fusion cloning kit (System Biosciences). For easy monitoring under a fluorescence microscope, we also cloned different isoforms of C/EBP-β into an expression vector carrying red fluorescent protein (RFP). PCR primers for LAP-2 were LAP2-Myc-R1-5.1 (sense) and LAP2-IRES-RED-3.1 (antisense); and primers for LIP were LIP-Myc-R1-5.1 (sense) and LAP2-IRES-RED-3.1 (anti-sense). Primers for p53 were p53-Myc-R1-5.1 (sense) and p53-IRES-RED-3.1 (antisense). The luciferase reporter containing the putative miR-145 promoter in pGL3 basic vector (Promega, Madison, WI, USA) was previously described ([@gks324-B11]). At the same time, the same fragment was also cloned into pGZ m CMV reporter (System Biosciences) by replacing the CMV promoter at Cla1 and BamH1 sites by standard PCR amplification and ligation methods to generate a miR-145 promoter GFP reporter. Primers used were miR-145p-Cla1-5.1 (sense) and miR-145p-BamH1-3.2 (antisense). A mutant luciferase reporter in the potential C/EBP-β binding site was generated by two-step PCR, followed by the procedure described previously ([@gks324-B4]), using primers miR-145p-Kpn1-5.1 (sense) ([@gks324-B11]) and miR-145p-CEPBm-3.1 (antisense); miR-145p-CEPBm-5.1(sense) and miR-145p-Xho1-3.2 ([@gks324-B11]). All PCR products were verified by DNA sequencing.

Luciferase assays
-----------------

Luciferase assays were carried out in 293T cells. First, cells were transfected with appropriate plasmids or siRNAs in 12-well plates. Then they were harvested and lysed for luciferase assays 24 h after transfection. Luciferase assays were performed using a luciferase assay kit (Promega) according to the manufacturer's protocol. Renilla luciferase was used for normalization.

PCR/RT--PCR and real-time RT--PCR
---------------------------------

PCRs were performed to amplify the different isoforms of C/EBP-β, miR-145 promoter and deletion and mutation constructs according to the standard three-step procedure. Expression of the mature miR-145 was determined by TaqMan real-time RT--PCR ([@gks324-B22]).

Western blot
------------

Cells were harvested and protein was extracted from transfected or infected cells by standard methods, as previously described ([@gks324-B4],[@gks324-B11]).

Immunocytochemistry
-------------------

Immunocytochemistry (ICC) was used to detect C/EBP-β induction by RSV in cells grown on the coated coverslips as described previously ([@gks324-B13]). After RSV treatment, the cells were first fixed and then permeabilized by 1% Triton-100 according to the standard methods. Signals were revealed using Histostain Plus kit (Invitrogen) according to the manufacturer's instruction.

*In situ* hybridization
-----------------------

Detection of miR-145 in MDA-MB-231 cells after treatment of RSV was essentially same as described previously ([@gks324-B23]) except that biotin-labeled anti-miR-145-LNA probe was used in these assays.

Chromatin immunoprecipitation assays
------------------------------------

Procedure for chromatin immunoprecipitation (ChIP) assays was previously described ([@gks324-B11]). Primers miR145-ChIP-5.3 and miR145-ChIP-3.3 (P1 and P2) covered the potential C/EBP-β binding site of miR-145 promoter as indicated in [Figure 6](#gks324-F6){ref-type="fig"}E. Primers miR145-ChIP-5.3 and miR145-ChIP-3.3 (P3 and P4) served as a negative control.

RESULTS
=======

Expression of miR-145 in response to RSV
----------------------------------------

We ([@gks324-B11]) and others ([@gks324-B24]) have previously shown that the DNA-damaging agent doxorubicin (doxo) activates p53 which in turn induces miR-145 expression. However, the mutant p53 at the DNA binding domain has no such effect on miR-145 ([@gks324-B11]). We found here that miR-145 was not always negatively correlated with p53 status. For example, although both non-tumorigenic MCF-10A and cancer cell line MCF-7 carry wild-type p53, with a different level of expression ([Supplementary Figure S1A](http://nar.oxfordjournals.org/cgi/content/full/gks324/DC1)), the miR-145 level was very different between them ([Supplementary Figure S1B](http://nar.oxfordjournals.org/cgi/content/full/gks324/DC1)), suggesting that factor(s) other than p53 is also involved in miR-145 regulation. Therefore, we tested three breast cancer cell lines for their response to resveratrol (RSV), a well-known chemoprevention and therapeutic agent ([@gks324-B25],[@gks324-B26]). MCF-7 is non-invasive and carries wild-type p53, whereas MDA-MB-231 and BT-549 are invasive, and carry mutant p53 at the DNA binding domain ([@gks324-B27]). Since p53 has been implicated in the RSV-induced cellular effect ([@gks324-B20],[@gks324-B28]), we asked whether RSV is able to induce miR-145 expression depending on p53 status. As shown in [Figure 1](#gks324-F1){ref-type="fig"}A, although there was little induction of p53 in MDA-MB-231 or BT-549 cells at 30 µM of RSV, we detected a significant upregulation of miR-145 in both MDA-MB-231 and BT-549 cells ([Figure 1](#gks324-F1){ref-type="fig"}B). For MCF-7 cells, neither p53 activation nor miR-145 induction was seen until the concentration of RSV was increased to 100 µM ([Figure 1](#gks324-F1){ref-type="fig"}A and B). We further confirmed the RSV-mediated upregulation of miR-145 in MDA-MB-231 cells by *in situ* hybridization (ISH; [Figure 1](#gks324-F1){ref-type="fig"}C). These results suggest that RSV can induce miR-145 expression in a p53-dependent as well as p53-independent manner. Figure 1.Induction of miR-145 by resveratrol (RSV). (**A**) Expression of p53 in MCF-10A, 231 and BT-549, MCF-7 and T47D by western. (**B**) RSV at 30 µM induced miR-145 in MDA-MB-231 and BT-549 cells, respectively. However, in MCF-7 cells the same concentration of RSV did not induce miR-145 until the concentration was increased to 100 µM. Cells were treated with RSV for 24 h before RNA extraction, followed by real time RT--PCR. (**C**) *In situ* hybridization also detected an increase of miR-145 after RSV treatment (30 µM) in MDA-MB-231 cells. Values in (B) are mean ± SE, *n* = 3. \*\**P* \< 0.01 compared with vector control.

Since MDA-MB-231 cells carry a mutant p53 at the DNA binding domain ([@gks324-B27]), we asked whether this mutant p53 is still functional to induce miR-145 expression in response to RSV, compared with doxo treatment. Although both RSV and doxo caused upregulation of p53 ([Figure 2](#gks324-F2){ref-type="fig"}A), we only detected miR-145 upregulation in RSV-treated cells (over 5-fold) but not in the doxo-treated cells ([Figure 2](#gks324-F2){ref-type="fig"}B). These results suggest that the mutant p53 plays no role in miR-145 expression in MDA-MB-231 cells. To further define the role of p53 in the regulation of miR-145 expression in response to RSV, we suppressed p53 by RNAi. Both siRNA-1 and -2 suppressed p53 in MCF-7 and MDA-MB-231 cells ([Supplementary Figure S2A](http://nar.oxfordjournals.org/cgi/content/full/gks324/DC1)) as well as some other cell lines ([Supplementary Figure S2B](http://nar.oxfordjournals.org/cgi/content/full/gks324/DC1)). Of interest, knockdown of p53 was also detected in cells treated with RSV ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gks324/DC1)). Although RSV-induced p53 in both MDA-MB-231 (30 µM) and MCF-7 (100 µM), p53-siRNA caused a substantial reduction of RSV-mediated miR-145 induction in only MDA-MB-231 cells ([Figure 2](#gks324-F2){ref-type="fig"}C), implying that wild-type p53 is critical to this induction of miR-145. In contrast, the same p53 siRNAs did not affect the RSV-induced miR-145 in MDA-MB-231 cells ([Figure 2](#gks324-F2){ref-type="fig"}C), further supporting the notion that factor(s) other than p53 may also be involved in the regulation of miR-145 expression. Figure 2.Induction of miR-145 in a p53 independent manner by RSV. (**A**) Expression of p53 in response to RSV and doxo. MDA-MB-231 cells were treated with either RSV (30 µM) or doxo (1 µg/ml) for 24 h and then harvested for protein extraction and western. (**B**) Detection of miR-145 by real-time RT--PCR after treatment of RSV or doxo. The same treatment was done as in (A) before extraction of total RNA. (**C**) Effect of suppression of p53 on the RSV-mediated induction of miR-145 as detected by real-time RT--PCR. Cells were first transfected with control siRNA (Ctrl) or p53-siRNA and were subsequently treated with RSV (30 µM for MDA-MB-231; 100 µM for MCF-7). RNA was extracted 24 h after RSV treatment. Values in (B) and (C) are mean ± SE, *n* = 3. \*\**P* \< 0.01 compared with vector control.

Suppression of miR-145 by C/EBP-β
---------------------------------

In light of these findings, we searched for factors that might be responsible for the regulation of miR-145 expression. Based on bioinformatics analysis using the Genomatix MatInspector (<http://www.genomatix.de>), there are several putative transcription factors that may bind to the miR-145 promoter ([Figure 3](#gks324-F3){ref-type="fig"}A). For example, in addition to previously demonstrated p53, AP-1 and C/EBP-β could potentially regulate miR-145. Therefore, we generated two miR-145 promoter reporters carrying either luciferase (pMir-145p-Luc) or GFP (pMir-145p-GFP). Experiments with ectopic expression of c-Jun + c-Fos (binding to the AP-1 site), or C/EBP-β along with these reporters showed that only C/EBP-β was able to suppress the miR-145 promoter activity for both reporters ([Figure 3](#gks324-F3){ref-type="fig"}B and C). Consistent with these results, real-time RT--PCR detected a significant reduction of miR-145 in the cells transfected with C/EBP-β ([Figure 3](#gks324-F3){ref-type="fig"}D), suggesting that C/EBP-β is a negative regulator of miR-145. Figure 3.Identification of C/EBP-β as a potential negative regulator of miR-145. Experiments were performed in transfected 293T cells. (**A**) Schematic description of the putative miR-145 promoter with potential transcription factor binding sites and pre-miR-145 start site (an arrow). (**B**) Luciferase assays using pMir-145p-Luc reporter. (**C**) GFP expression using pMir-145p-GFP. (**D**) Effect of C/EBP-β on miR-145, as detected by real-time RT--PCR. Values in (B) and (D) are mean ± SE, *n* = 3. \*\**P* \< 0.01 compared with vector control.

Although C/EBP-β is transcribed as a single mRNA, it can be translated into three isoforms from alterative translation initiation sites, two large isoforms (LAP-1, a full-length protein, and LAP-2) and a small isoform LIP ([@gks324-B21],[@gks324-B29]) ([Figure 4](#gks324-F4){ref-type="fig"}A). Different names have been used to describe these isoforms ([@gks324-B30]); they may have distinctive functions as a transcription activator or repressor. To delineate which isoform(s) is responsible for the suppression of miR-145, we first examined the endogenous level of C/EBP-β isoforms. As shown in [Figure 4](#gks324-F4){ref-type="fig"}B, we detected a predominant LIP isoform in MCF-10A, MDA-MB-231 and BT-549 cells, but this form was barely seen in MCF-7 cells. On the other hand, although the level of LAP-2 is relatively low compared with LIP, this band was readily detectable in these cells except for MCF-10A cells. No LAP-1 was detected in any of them, consistent with the previous finding ([@gks324-B30]). Of note, the phosphorylation at Thr 235 has been shown to activate the transcription of C/EBP-β ([@gks324-B27]); this band was very weak in MCF-10A cells, compared with that in other three cancer cell lines ([Figure 4](#gks324-F4){ref-type="fig"}B, top), which may highlight the importance of phosphorylation of C/EBP-β in cancer cells. Therefore, LAP-2 and LIP were further investigated for their role in miR-145 expression in this study. We first ectopically expressed LAP-2 and LIP, respectively, and then tested the effect of each of them on suppression of the miR-145 promoter activity as well as the endogenous miR-145. Although it was reported that the LAP isoforms have active transcription activity whereas the LIP form has repressive activity ([@gks324-B21]), our study indicated that both LAP-2 and LIP suppressed the promoter activity by ∼60% ([Figure 4](#gks324-F4){ref-type="fig"}C). To further determine the role of C/EBP-β isoforms in the suppression of miR-145, we knocked down both isoforms in MDA-MB-231 and BT-549 cells ([Figure 4](#gks324-F4){ref-type="fig"}D), and demonstrated that this knockdown increased miR-145 expression as well as miR-145 promoter activity ([Figure 4](#gks324-F4){ref-type="fig"}E and F). These results provide further evidence that C/EBP-β is a negative regulator of miR-145. Figure 4.Both Lap-2 and Lip isoforms of C/EBP-β suppress the endogenous miR-145 and the miR-145 promoter activity. (**A**) Schematic description of Lap-1, Lap-2 and Lip with their predicted molecular weights. DB: DNA binding domain; DD: dimerization domain. (**B**) Expression of C/EBP-β isoforms in various cell lines. Note that only Lap-2 and Lip were detectable in these cells by western. (**C**) Effect of Lap-2 and Lip on miR-145. MDA-MB-231 cells were infected with vector alone or Lap or Lip expression vector. RNA from these cells was extracted and real-time RT--PCR was performed as described in 'Materials and Methods' section. (**D**) Suppression of Lap-2 and Lip by C/EBP-β-siRNAs in MDA-MB-231 and BT-549 cells. Cells were transfected with negative control (Ctrl) or C/EBP-β siRNAs as described in 'Materials and Methods' section; 24 h after transfection, the cells were harvested for western. (**E**) Effect of C/EBP-β siRNAs on miR-145 as detected by real-time RT--PCR. The same cells as in (D) were used for RNA extraction. (**F**) Effect of C/EBP-β siRNAs on promoter activity. 293T cells were first transfected with the miR-145 promoter luciferase reporter and subsequently with C/EBP-β siRNAs. The cells were extracted for luciferase assays 24 h after transfection. Values in (C), (E) and (F) are mean ± SE, *n* = 3. \*\**P* \< 0.01; \**P* \< 0.05 compared with vector control.

C/EBP-β represses the p53-mediated induction of miR-145
-------------------------------------------------------

To determine the role of C/EBP-β in the suppression of miR-145 in relation to p53, we first examined their effect on the miR-145 promoter activity. As in the case for the endogenous miR-145, both LAP-2 and LIP suppressed the miR-145 promoter activity ([Figure 5](#gks324-F5){ref-type="fig"}A). In contrast, p53 induced the miR-145 promoter activity by about a 5-fold. This finding was further supported by the miR-145 promoter GFP reporter ([Figure 5](#gks324-F5){ref-type="fig"}B). Moreover, suppression of C/EBP-β by RNAi caused the upregulation of miR-145 promoter activity, especially with co-transfection of p53 ([Figure 5](#gks324-F5){ref-type="fig"}C), suggesting that C/EBP-β can counteract with the ability of p53 to induce miR-145. This result is consistent with the previous finding that C/EBP-β can functionally interact with and suppress p53 activity ([@gks324-B31]). We then generated a miR-145 promoter reporter containing mutations in the C/EBP-β binding site (miR-145p-m). Mutations of the C/EBP-β binding site caused further upregulation of miR-145 promoter activity, i.e. over four relative units higher than that of miR-145p-WT in the presence of p53 ([Figure 5](#gks324-F5){ref-type="fig"}D). To further determine the role of C/EBP-β in the suppression of p53-mediated miR-145 promoter activity, we transfected cells with p53 along various amounts of LAP-2 expression vector and demonstrated that an equal amount of LAP-2 expression vector was sufficient to suppress its ability to induce miR-145 promoter activity ([Figure 5](#gks324-F5){ref-type="fig"}E), consistent with the previous report that there is a negative cross-talk between p53 and C/EBP-β ([@gks324-B32]). Thus, this negative cross-talk between p53 and C/EBP-β may ultimately affect the expression of their targeted genes such as miR-145. Figure 5.Effect of C/EBP-β on the p53-mediated induction of miR-145 promoter activity. (**A**) While miR-145 promoter luciferase activity is suppressed by Lap-2 and Lip, p53 induces the luciferase activity. The 293T cells were co-transfected with both the luciferase reporter (pMir-145p-Luc) along with Lap-2 or Lip, or p53 expression vector. Luciferase assays were carried out 24 after transfection. (**B**) Detection of the effect of C/EBP-β and p53 on the miR-145 promoter activity by the GFP reporter (pMir-145p-GFP). The 293T cells were transfected with pMir-145p-GFP along with Lap-2, Lip or p53 and were examined under a fluorescence microscope 24 h after transfection. The RFP carrying vector was used to ectopically express Lap-2, Lip and p53, respectively. GFP pictures were taken at the same exposure time for all of them. Decreases or increases in GFP intensity represent reductions or inductions of miR-145 promoter activity. (**C**) Effect of C/EBP-β siRNAs on luciferase activity combined with ectopic expression of p53. 293T cells were co-transfected with the luciferase reporter and p53 expression vector, and subsequently transfected with negative control or C/EBP-β siRNAs. Luciferase assays were performed 24 h after transfection of siRNAs. (**D**) The C/EBP-β binding site of the miR-145 promoter is important for C/EBP-β to suppress miR-145. The 293T cells were co-transfected with a luciferase reporter (miR-145p-WT or miR-145p-m) along with expression vectors as indicated. Luciferase assays were performed 24 h after transfection. (**E**) Lap-2 represses p53-mediated induction of miR-145 promoter activity. The 293T cells were co-transfected with the miR-145 promoter luciferase reporter and p53 expression vector along with various amounts of Lap-2 expression vector. Values in (A), (C), (D) and (E) are mean ± SE, *n* = 3. \*\**P* \< 0.01 compared with vector control.

CEBP-β directly binds to the CEBP-β binding site in the miR-145 promoter
------------------------------------------------------------------------

These results above indicate that LIP is sufficient to suppress p53-mediated miR-145 induction. Since LIP consists of two domains, DNA binding domain and dimerization domain, we asked which domain is required for this suppression by deletion of either two domains (LAP-2-del) or dimerization domain alone (LAP-2-del1; [Figure 6](#gks324-F6){ref-type="fig"}A). Deletion of both domains completely abolished the suppression activity as detected by the miR-145 promoter luciferase reporter ([Figure 6](#gks324-F6){ref-type="fig"}B) as well as by the miR-145 prompter GFP reporter ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gks324/DC1)). On the other hand, deletion of dimerization domain partially impaired this suppression activity ([Figure 6](#gks324-F6){ref-type="fig"}B). Similarly, real-time RT--PCR also indicated that the DNA binding domain is critical ([Figure 6](#gks324-F6){ref-type="fig"}C). Finally, ChIP assays confirmed that C/EBP-β directly interacted with the miR-145 promoter ([Figure 6](#gks324-F6){ref-type="fig"}D). Figure 6.Suppression of miR-145 by Lap-2 involves DNA binding domain. (**A**) Schematic description of domain structure of C/EBP-β. DB: DNA binding domain; DD: dimerization domain. (**B**) Effect of Lap-2 deletion on the miR-145 promoter luciferase activity. The 293T cells were co-transfected with the miR-145 promoter luciferase reporter and Lap-2-WT or deleted Lap-2 expression vectors (Lap-2-del or Lap-2-del1). Luciferase assays were performed 24 h after transfection. (**C**) Effect of Lap-2 deletion on expression of the endogenous miR-145. MDA-MB-231 cells were infected with Lap-2-WT, Lap-2-del or Lap-2-del1. RNA was extracted from the infected cells for detection of miR-145 by real-time RT--PCR. (**D**) C/EBP-β directly interacts with the miR-145 promoter in MDA-MB-231 cells as detected by ChIP assays, following the previously described procedure ([@gks324-B11]). Values in (B) and (C) are mean ± SE, *n* = 3. \*\**P* \< 0.01 compared with vector control.

RSV suppresses phosphorylation of C/EBP-β through Akt pathway
-------------------------------------------------------------

We have previously shown that miR-145 is a downstream target of Akt; suppression of Akt by serum starvation or PI3-K inhibitor LY29 induces miR-145 expression in a p53-dependent manner ([@gks324-B11]). However, this study showed that RSV was able to induce miR-145 in breast cancer cells carrying mutant p53 ([Figure 1](#gks324-F1){ref-type="fig"}B). Moreover, RSV has been previously shown to suppress Akt activity ([@gks324-B33]). Therefore, we determined whether Akt is a molecular link underlying the RSV-induced miR-145 expression in tumor cells carrying mutant p53. We first examined the constitutive levels of Akt and pAkt in MDA-MB-231, BT-549 and MCF-7 cells; BT-549 cells expressed a relatively higher level of pAkt than the other two cell lines ([Figure 7](#gks324-F7){ref-type="fig"}A). As expected, RSV caused downregulation of pAkt in BT-549 and MDA-MB-231 cells ([Figure 7](#gks324-F7){ref-type="fig"}B); however, no obvious reduction was seen in MCF-7 cells in 50 or 100 µM. Importantly, we detected downregulation of p-LAP-2 in both MDA-MB-231 and BT-549 cells; this reduction in MCF-7 cells ([Figure 7](#gks324-F7){ref-type="fig"}B, right) was not as obvious as in the other two cell lines ([Figure 7](#gks324-F7){ref-type="fig"}B, left). Immunocytochemistry also showed downregulation of p-C/EBP-β by RSV in MDA-MB-231 cells ([Figure 7](#gks324-F7){ref-type="fig"}C). Since c-Myc is a major target for miR-145 ([@gks324-B11]), which may in part account for miR-145 as a tumor suppressor, we also examined the effect of RSV on Myc expression. As expected, RSV reduced c-Myc level, associated with downregulation of p-C/EBP-β ([Figure 7](#gks324-F7){ref-type="fig"}D), further suggesting the role of p-C/EBP-β in suppression of miR-145. Finally, ChIP assays indicated that both LY29 and RSV suppressed C/EBP-β binding to the miR-145 promoter ([Figure 7](#gks324-F7){ref-type="fig"}E). Together, these results suggest that RSV induces miR-145 through suppression of pAkt and phosphorylation of C/EBP-β in the mutant p53 background. Figure 7.Suppression of phosphorylated Akt (p-Akt) and phosphorylated Lap-2 (p-Lap-2) by RSV. (**A**) Expression of Akt and pAkt in MDA-MB-231, BT-549 and MCF-7 cells. (**B**) RSV suppresses both p-Akt and p-C/EBP-β in MDA-MB-231, BT-549 and MCF-7 cells. (**C**) Induction of p-C/EBP-β by RSV in MDA-MB-231 cells as detected by ICC. Cells were treated with RSV at 30 µM for 24 h and then were subject to ICC analysis. (**D**) RSV suppresses the miR-145 target c-Myc in MDA-MB-231 and BT-549 cells, which is associated with suppression of p-Lap-2. (**E**) Both RSV and LY29 reduce the binding of C/EBP-β to the miR-145 promoter in MDA-MB-231 cells as detected by ChIP assays. Note that the PCR band in C/EBP-β lane was decreased in both RVS and LY29 treatment, compared with DMSO.

DISCUSSION
==========

It is well known that microRNAs can play a critical role in human malignancy. As a tumor suppressor, miR-145 is able to suppress tumor growth and metastasis by targeting a number of oncogenic genes ([@gks324-B11; @gks324-B12; @gks324-B13]). Moreover, miR-145 has been implicated in repression of pluripotency in human embryonic stem cells by negative regulation of key transcription factors such as OCT4, SOX2 and KLF4 ([@gks324-B34]). In embryonic stem cells, miR-145 is expressed at a low level and then is elevated in differentiated epithelial cells and becomes downregulated again in neoplastic cells. However, the underlying mechanism of miR-145 regulation, especially in cancer, is elusive. We present evidence that C/EBP-β is a negative regulator of miR-145 which may be in part responsible for downregulation of miR-145 in tumor cells.

As a transcriptional repressor, C/EBP-β has been shown to transcriptionally repress a variety of genes including let-7i ([@gks324-B35]). Thus, identification of C/EBP-β as a negative regulator of miR-145 expands the growing list of C/EBP-β-regulated genes. More importantly, we show that phosphorylation of C/EBP-β is critical to this negative effect on miR-145. In this regard, we identify Akt as a potential upstream regulator of CEBP-β, as supported by several lines of evidence. First, activation of Akt correlates with phosphorylation of C/EBP-β; second, this positive correlation has been previously reported in clinical specimens and third, RSV induces miR-145 and at the same time, it decreases pAkt as well as phosphorylation of C/EBP-β. Therefore, these results suggest a possible pathway leading to miR-145 induction through C/EBP-β.

The ability of C/EBP-β to suppress miR-145 appears to function through counteraction of the ability of p53 to induce miR-145 in the wild-type p53 background. We show that p53 increases the endogenous miR-145 level as well as the miR-145 promoter activity; on the other hand, ectopic expression of C/EBP-β suppressed the p53-mediated induction of miR-145 and the miR-145 promoter activity. It is known that p53 interacts with C/EBP-β, and such interaction is functional because C/EBP-β has been shown to represses p53 to promote cell survival ([@gks324-B36]) or subsequently suppress p53 downstream genes ([@gks324-B37]). Thus, our study provides further evidence that miR-145 is under the control of a complex regulatory system involving p53 and C/EBP-β. The dysregulation of p53-C/EBP-β cross-talk is expected to play an important role in tumorigenesis. For example, enhanced expression of C/EBP-β may antagonize the tumor-suppressive role of p53. On the other hand, an increased level of p53 would keep the tumor-promoting role of C/EBP-β in check.

It remains to be determined regarding the mechanism by which C/EBP-β can suppress miR-145 in the mutant p53 background. One possibility is that C/EBP-β may act alone or counteract with other unknown activator(s) to suppress miR-145 expression. In support of this possibility, it has been shown that C/EBP-β itself can play a repressive role ([@gks324-B38],[@gks324-B39]), and thus, we expect that increased levels of C/EBP-β would suppress its targeted genes such as miR-145, because C/EBP-β is frequently upregulated in cancer cells ([@gks324-B40; @gks324-B41; @gks324-B42]). Although three isoforms of C/EBP-β might be formed, the cell lines we tested only express LAP-2 and/or LIP. LIP is considered to be a dominant-negative regulator of the large isoforms because of the lack of a transactivation domain. Our study further suggests that both LAP-2 and LIP, in fact, play the same suppressive role for miR-145 expression. This finding is also supported by two reports that the large isoforms not only function as a transcriptional activator but can also act as a transcriptional repressor to inhibit gene transcription, such as PPARβ and Cox-2 ([@gks324-B38],[@gks324-B43]). The C-terminal region of C/EBP-β carries the DNA binding domain and the dimerization domain. Deletion analysis indicates that the DNA domain of C/EBP-β is critical to its suppression of miR-145. ChIP assays further suggest that C/EBP-β directly interacts with the DNA region through the C/EBP-β binding site, implying that binding to the C/EBP-β site in the miR-145 may be essential for this suppression ability.

As a well-known antioxidant, RSV has been reported to extend lifespan in cell culture ([@gks324-B44]). Moreover, RSV is able to inhibit the development of cancer ([@gks324-B25]). The cancer preventative activity of RSV is believed to be related to its ability to mediate anti-inflammatory effect or inhibit enzymes involved in carcinogenesis ([@gks324-B26]). Despite of these efforts, our understanding of how RSV target cellular pathways leading to suppression of tumor cells is still limited. Our study provides new insight into the function of RSV against cancer. We demonstrate that RSV induces miR-145 in both p53 wild-type and mutant p53 breast cancer cell lines. In particular, in the mutant p53 background, this is likely through suppression of the Akt pathway and reduction of phosphorylation of C/EBP-β. Of considerable interest, invasive cancer cell lines MDA-MB-231 and BT-549 appeared to be more sensitive to RSV for its induction of miR-145. Since miR-145, as a tumor suppressor, is often downregulated in a variety of tumors, identification of miR-145 as a target for RSV highlights the significance of RSV as an agent for cancer prevention and therapy.
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